Abstract: We demonstrate a simple, robust, high-flux source of polarization-entangled photons based on a polarization Sagnac interferometer, measuring 5 000 polarization-entangled pairs/s/mW of pump power in a 1-nm bandwidth with 96.8% quantum-interference visibility. Polarization-entangled photons are essential quantum resources for many applications in quantum information processing. A typical setup utilizes a single crystal of angle phase-matched beta barium borate (BBO) that requires spatial selection, frequency-degenerate operation, and timing compensation. The spectral brightness, in detected pairs per second per mW of pump per unit of bandwidth, is generally low for these BBO sources. Recently we have demonstrated a bidirectionally pumped down-converter using a periodically poled KTiOPO 4 (PPKTP) crystal inside a Mach-Zehnder (MZ) interferometer. The configuration allows us to obtain a spectral birghtness of 4 000 detected pairs/s/mW/nm @90% visibility, and, more importantly, without the need for spatial, spectral, or temporal filtering [1] . However the main drawback of the MZ setup is that it is sensitive to environmental perturbation and hence it requires active servo control to set the phase of the output entangled state.
Polarization-entangled photons are essential quantum resources for many applications in quantum information processing. A typical setup utilizes a single crystal of angle phase-matched beta barium borate (BBO) that requires spatial selection, frequency-degenerate operation, and timing compensation. The spectral brightness, in detected pairs per second per mW of pump per unit of bandwidth, is generally low for these BBO sources. Recently we have demonstrated a bidirectionally pumped down-converter using a periodically poled KTiOPO 4 (PPKTP) crystal inside a Mach-Zehnder (MZ) interferometer. The configuration allows us to obtain a spectral birghtness of 4 000 detected pairs/s/mW/nm @90% visibility, and, more importantly, without the need for spatial, spectral, or temporal filtering [1] . However the main drawback of the MZ setup is that it is sensitive to environmental perturbation and hence it requires active servo control to set the phase of the output entangled state.
In this work we demonstrate a significantly improved version of the bidirectionally pumped spontaneous parametric down-conversion (SPDC) source that utilizes a polarization Sagnac interferometer (PSI) to eliminate the need for active phase control while retaining all the benefits of bidirectional pumping [2] . Moreover, our polarization Sagnac source is implemented in a small package and it is spectrally brighter with better entanglement quality than the MZ version: 5 000 detected pairs/s/mW/nm at a 96.8% visibility. Figure 1 shows our experimental setup. The PSI is formed with a dual-wavelength polarizing beam splitter (PBS), two high reflectors, a PPKTP crystal, and a dual-wavelength half-wave plate (HWP2). The pump is directed into the PSI with a dichroic mirror (DM) that is highly reflective for the pump and highly transmissive for the signal (idler) output at ω s (ω i ). In our experiment we have chosen to operate near frequency degeneracy, ω s ≈ ω i .
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whereê H andê V are the horizontal (H) and vertical (V ) polarization unit vectors, respectively, and φ p is the relative phase. In Fig. 1 , the H-polarized pump component traverses the interferometer counterclockwise and generates an (unnormalized) output state at the PBS given by
The subscripts 1 and 2 refer to the two output ports labeled in Figure 1 . The phases θ s and θ i are acquired by the signal and idler outputs when they pass through the HWP2, and η 2 H is the generation efficiency including propagation and absorption losses.
The V -polarized pump component circulates clockwise in the PSI and the unnormalized output state is
θ p is the phase acquired by pump when it passes through HWP2, and η 2 V is the generation efficiency for V . Recognizing that in free space k p = k s + k i , the combined PSI output is the biphoton state
The relative amplitude β of the two bidirectionally pumped outputs can be adjusted to unity by changing the input pump component ratio E H /E V . The PSI is robust because the relative phase φ is the sum of constant phases (θ s + θ i − θ p ) and the adjustable input pump phase (−φ p ). A singlet (φ = π) or a triplet (φ = 0) biphoton state can be easily generated by setting φ p accordingly. A continuous-wave grating-stabilized diode laser at 405 nm was used as the pump source. A half-wave plate (HWP1) and quarter-wave plate (QWP1) were utilized to adjust E H /E V and φ p of Eq. (1). The pump was weakly focused to a beam waist of ∼160 µm at the center of the 10-mm-long PPKTP crystal. The polarization states of the PSI outputs were analyzed with a combination of a HWP and a polarizer before detection by single-photon Si detectors. We impose a spectral bandwidth of 1 nm using an interference filter (IF) centered at 810 nm. Two irises were used to control the acceptance angle. The outputs of the two single-photon detectors were counted and their coincidences were measured with a 1-ns coincidence window [3] . Figure 2 shows the coincidence counts of singlet state as a function of the signal polarization analyzer angle θ 1 when the idler polarization analyzer angle θ 2 was fixed at four different values: 0
• , 46
• , 90.5
• , and 135
• . The overlaid solid curves are best sinusoidal fits. For an input pump power of 3.28 mW (measured before DM) and a full divergence collection angle of 12.5 mrad, we measured ∼5 000 detected pairs/s/nm/mW of pump. The visibilities for the four cases in Fig. 2 based on best-fit parameters are: V 0 = 99.09 ± 0.07, V 46 = 96.85 ± 0.12, V 90.5 = 99.32 ± 0.04, and V 135 = 97.18 ± 0.09. We have also measured the S parameter in the Clauser-Horne-Shimony-Holt (CHSH) form of Bell's inequality [4] and obtained S = 2.7645 ± 0.0013, which corresponds to the violation of the classical limit of 2 by more than 500 standard deviations. This result is 25% higer flux with a higher visibility compared to the MZ source [1] .
In conclusion, we have demonstrated a compact polarization-entangled photon source using a polarization Sagnac interferometer with improved stability, higher flux, and higher visibility than any previous bulk crystal SPDC sources. The Sagnac geometry eliminates the need for stabilizing the interferometer and allows the biphoton output state to be easily and precisely controlled. This source can also be configured to produce hyperentangled photon pairs, with entanglement in both momentum and polarization, that can be potentially useful for implementing single-photon two-qubit quantum logic [5, 6] .
